High-efficiency single-order grating coupling between an optical waveguided mode and a volume wave is achieved by means of a double-sided corrugated cover film that has phase-shifted undulations. A greater than 90%
The achievement of high-efficiency coupling to and from integrated-optic waveguides is the essential practical problem that must be solved to permit extensive use of integrated-optic circuits in industrial communication and sensor systems. The coupling of light from a laser or a fiber into an integrated-optic waveguide is currently most often made by end firing. The main advantage is high coupling efficiency; a 50-95% coupling efficiency can be obtained, depending on the optogeometrical configuration involved. This, however, has to be paid for by difficult and time-consuming waveguide edge preparation.
Grating coupling does not suffer from such practical difficulty. The required technique is compatible with integrated-optic technology. Planar photolithography permits a consistent matching between the integrated-optic circuit and the diffraction element. It is, however, known that gratings made by usual reactiveion-etching or ion-beam-etching techniques exhibit too low an efficiency to be of practical use, as only part of the light power can be efficiently coupled into a desired diffraction order.' One way to enhance the overall coupling efficiency into the desired order is the blazing of the grating grooves.
2 However, such a solution requires a tight geometrical control over the sawtooth shape of the grooves. 3 In addition, if near vertical incidence is desired, it is technologically difficult to generate the proper large groove slope. 4 An alternative principle is presented here that considerably eases the technological conditions on the groove profile and permits a tolerant control over the characteristic parameters. The principle is that of the constructive interference in a double-corrugation cladding film in which the main tuning parameter is the lateral phase shift between the two undulated interfaces. We present here what is to our knowledge the first demonstration of a weakly guiding K+-Na+ ion-exchanged waveguide in a borosilicate crown glass. 5 The coupling structure considered is a planar waveguide with two corrugated boundaries. This can be a corrugated ion-exchanged waveguide with a thin dielectric film on top, as shown in Fig. 1 , or a thin-film waveguide with its two boundaries undulated. The corrugations couple the waveguided mode into both the superstrate and substrate. A collinear coupling configuration between guided and volume waves is assumed here for simplicity. The basic principle is that the waveguide mode that reaches the dual-corrugation area couples out on each corrugation independently in both directions, where the radiated waves interfere. The translation of one grating undulation relative to the other induces a change of the phase shift between interfering waves, and one can achieve a constructive interference in the desirable direction and a destructive interference in the other. By controlling the relative depth of the two undulations it is furthermore possible to achieve a 100% coupling efficiency into the desired medium. Conversely an incident volume wave can in principle be coupled with 100% efficiency to a guided mode as discussed below.
The rigorous analysis of this problem for weak sinusoidal corrugations has been carried out in Ref. 6 , where the electromagnetic field in the film, waveguide, substrate, and superstrate can be expressed as a superposition of plane or locally plane waves. Simplified expressions for the optimal grating depth ratio and longitudinal shift can be obtained by disregarding the interference effects caused by multiple reflections at the grating film boundaries. The effect of neglecting multiple reflections is weak: the reflection coefficients are small owing to the small film-guide index difference. The resulting approximations therefore provide useful guidelines and design tools for practical coupling structures. For total suppression of the radiation into the substrate, i.e., for 100% efficiency into the superstrate, the ratio (al/Cr2)opt of the grating amplitude a, of the filmsuperstrate undulation to that at the film-substrate interface O2 is given by
and the relative longitudinal shift between undulations Topt is given by
where, as depicted in Fig. 1 , T = xo/A, x0 is the absolute shift between the two corrugated interfaces, A is the spatial period of the corrugations, ni, n 2 , and n 3 are the refractive index of the superstrate, the grating film, and the medium underneath (substrate or waveguide), respectively, 02 is the radiation angle in the film, h is the film thickness, X is the wavelength in vacuum, and Ei is the modal electric-field amplitude at grating film
The physical interpretation of these results is straightforward. For a maximum radiation suppression the phases of the waves radiating from both corrugations must be in opposition. To provide an equal contribution from each corrugation, their effective depths oi(n2 2 -ni 2 ) must be inversely proportional to the field amplitude at boundary i. One notices that the optimal grating phase shift Topt is equal to the optical phase path in the bulk of the film if the film has a higher refractive index; it differs from the latter by -X if the film index is lower than that of the waveguide. This implies that the upper corrugation must be shifted toward the direction of the mode propagation in the case of a higher-index film. It must be shifted in the opposite direction in the lower-index case.
It is practically important to note that this interference effect does not have a resonant character but is a smooth function of the waveguide and grating parameter deviations from the optimal conditions. The exact expressions for light radiation into the cladding media are given in Ref. 6 , from which the fraction of power 6 radiated into the substrate can be estimated by
few percent. For the same reason the effect is sensitive only a little to the deviations in wavelength and grating period and to the condition of collinearity. This has the important practical significance that a single and uniform technological process can be applied to the fabrication of high-efficiency integratedoptic diffraction elements that perform more than just a coupling function, such as phase-front shaping in focusing and chirped gratings. The configuration for optimal coupling depends on the type of optical waveguide technology. Weakly guiding structures such as ion-exchanged and chemical-vapor-deposition waveguides have a rather large width and a low modal field strength at their boundaries. This results in a weak coupling coefficient, which can, however, be increased by two orders of magnitude by using a high-index-overlay corrugated film. 6 In this case the condition of single-side radiation into the superstratel requires that the undulation amplitude be larger at the substrate side than at the superstrate side. In strong guidance waveguides the field at the interfaces is high. The resulting coupling coefficient can possibly be decreased by depositing a low-index overlay film. In this case (n 2 < n*, where n* is the mode effective index) the ratio of the field amplitude at both grating film sides can be approximated
under the assumption of weak perturbation. It appears that a proper choice of the grating film thickness h can make (l/a2)opt equal to 1, which is easiest to achieve technologically (Fig. 2) . Double-corrugation thin grating films can easily be obtained by sputtering over a corrugated substrate. The resulting upper undulation has the same spatial frequency as the substrate corrugation, and its depth slightly decreases with film thickness h. The phase shift between the two corrugated sides can be made by where the subscript opt refers to the conditions for full coupling into the superstrate. Thus the deviation from the optimal amplitude ratio aU/a2 by 0.1 and from the optimal phase displacement T by 0.1 rad results in an unwanted loss into the substrate of no more than a 0.00 -0Ao AT * ]
i.6d * * * * i6d * I * * * * 66 kh 6.6o Fig. 2 . Optimal ratio of grating depths (l/0f2)opt versus film thickness kh (k = 27r/X) for a cover film of low refractive index (SiO 2 -on-glass waveguide).
----------------I I two technological approaches. The first one is oblique-incidence ion-beam etching. The technique was thoroughly developed in Ref. 7 , in which the etching governing parameters for the fabrication of the optimal film thickness, and the optimal phase shift can be closely predicted by modeling the ion-beametching process. The second approach is to perform the film sputtering under oblique incidence. The comprehensive model for predicting the phase shift is not yet developed, but the technological parameters can be set experimentally by adjusting the position of the corrugated waveguide with respect to the sputtering source. Both approaches are characterized by noncritical and stable technological conditions that lead to high reproducibility in weak as well as in strong guidance waveguides. The experiments were made on crown-glass-based single-mode K+-Na+ exchanged waveguides, 5 which are good candidates for the implementation of integrated interferometric sensors. 8 The gratings of 0.455-Am period (suitable for near-vertical input/output at X = 0.633 um wavelength with n* = 1.5157) were made by the usual holographic techniques over a 4 mm X 6 mm area with subsequent ion-beam etching through the photomask. The grating depth was -0.2 Am, and its length was -5-6 mm. The grating fabrication was performed both before and after the ion- The waveguide mode was excited by a prism or another coupling grating. The output intensity from the double-sided grating was measured at the air and substrate sides (Fig. 1) and normalized to the input beam intensity. A glass prism with index-matching liquid was placed on the opposite surface of the substrate in order to extract all diffracted light at the substrate side. For the SiO 2 -coated waveguide, approximately 70% of the excited power was coupled out into the air, whereas the efficiency reaches 90% in the case of Nb 2 O 5 . This is more than twice the value to be expected if a single-sided corrugation grating were used.
Such a short coupling length, -100 gim, as in the Nb 2 O 5 case is, however, not convenient for efficient waveguide input coupling. There should be in this case a better match between the coupling length and the grating length or incident beam size. The optogeometrical conditions for optimum input coupling can be found by using a dedicated computer-aided design tool. 9 Ion-beam etching permits a fine tuning of the coupling coefficient. The Nb 2 O 5 -cladded grating exhibiting 90% outcoupling efficiency was further exposed to oblique ion-beam etching. With the decrease of film thickness the coupling coefficient fell to a better matched figure of 4-5 cm-' with no degradation of the overall outcoupling ratio. Under these conditions the grating excitation of the waveguide from the air side with a 3-mm-diameter Gaussian beam has shown an input coupling efficiency of close to 50%. This shows that an input coupling loss of 1 dB or better can be expected either by shaping the incident beam amplitude distribution or by suitably tapering the grating efficiency.
A new conceptual approach for efficient unidirectional grating couplers with more than 90% coupling into air was demonstrated. Its technological implementation can be made by noncritical standard operations on existing ion-beam-etching and sputtering machines. High-efficiency input coupling of weakly guiding waveguides was demonstrated to be possible if the longitudinal dependence of the incident field or of the grating interaction strength can be tailored. This approach will ease the fully monolithic integration of optical signal processing and coupling functions in all sensor and microtechnological applications that involve space waves.
